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Plants form interactions with other symbiotic organisms such as mycorrhizal fungus and
bacteria in the rhizosphere; therefore, it is pivotal to understand the nutrient exchange that takes
place. In this experiment, Populus tremuloides seedlings were grown on a thin, nutrient dense
media for the control as well a limited-nitrogen media. Fourier Transform Infrared Imaging is
used in this study to analyze nitrate and ammonium concentrations in the rhizosphere of P.
tremuloides with Laccaria bicolor and Pseudomonas fluorescens after 7 weeks of growth. Plants
were grown on low-emission slides in the first experiment; however, due to media thickness
issues, Polyethylene and CaF2 slides were chosen for the second experiment.
Phenotypic results (root length, primary root branch number, leaf length, leaf number,
and leaf color) on low-emission slides show nitrogen limitation inhibits plant growth and
microbe interaction with exception of those grown with fungus. Plants grown on Polyethylene
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Chapter 1
Introduction
1.1 Importance of plant and symbiotic interaction studies pertaining to Populus tremuloides
Plants have remained important to our society in multiple ways. A few of these benefits
include specific chemicals and compounds isolated for medicinal benefits, wood production for
industrial and building purposes, crops for food, and even the oxygen production that supports
most of life as we know it. Winston in 1999 wrote that the World Health Organization estimated
around 80% of the inhabitants on earth rely on traditional medicine for primary health needs and
most of that therapy involves active components from plants or plant extracts. In fact, essential
oils have become a large avenue for home remedies and have even been shown to capture free
radicals and display antioxidant effects (Kulisica et al. 2004).
Whether a plant is helping the earth and its inhabitants by making oxygen or providing
medicinal compounds, they can generally be found to be useful in scientific studies. In particular,
Populus tremuloides is a deciduous tree that is native to cooler regions such as North America
and Canada. It is commonly known as the quaking aspen and used widely in research today
because it is fast growing, has plentiful and widespread seed sources, and up to 95% form
ectomycorrhiza (ECM) relationships within days of seed germination (Smith, 1974). Populus
tremuloides contributes 20-40% of its hard-earned carbon production to the rhizosphere in order
to establish and maintain symbiotic relationships for present and future nutrient poor soil
conditions (Jones et al. 2004). The Poplar was used in this experiment due to the fast growth rate
and formation of symbiotic relationships with bacterium and fungi.

!1

Plants take up nutrients using two basic delivery pathways, chemical and biological.
Chemical nutrient pathways rely on water soluble nutrient ions that are taken up by the plant
during the uptake of water from the environment (Lowenfels, 2013). This pathway is the
foundation of modern agriculture, where pH dependent soluble primary and secondary nutrients
are applied to fields to help supplement losses over time. Biological nutrient pathways rely
primarily on soil microorganisms, where thousands of bacteria and/or fungi individuals establish
interactions with plant roots (Cseke et al., 2013). Here, the soil community surrounding such
interactions can be highly complex, changing from centimeter to centimeter. However,
fundamentally the nutrients are taken up first by the microorganisms which deliver the nutrients
directly to the plant roots in exchange for fixed carbon (Larsen et al., 2016; Victor et al., 2017).
In healthy natural ecosystems, it is the entire soil trophic food web that supplies nutrients and
other benefits to plants through the cycling of both biological and chemical nutrient pathways
during the breakdown of detritus and decaying organisms (Lowenfels, 2013). These natural
systems provide significant increases in plant health and yield over long periods of time, if well
maintained. Thus, many of the beneficial microorganisms within these systems are important
resources for future land management applications.
1.2 Fertilizer Impact and Nutrient Acquisition
One way plants are assisted by farmers is the use of fertilizers. Most commonly,
fertilizers contain major nutrients such as nitrogen, phosphorous, and potassium. Phosphorous is
relatively immobile, and potassium is moderately mobile. In contrast, nitrogen is very soluble in
water and is extremely mobile. Furthermore, when fertilizer is applied and it rains or crops are
watered, the nitrogen (and surface phosphorous) flow with excess water that is not being
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absorbed into the soil. This nutrient filled water may flow downhill into the nearest water source
and can influence algae growth. Excessive use of fertilizers results in environmental costs
including the impairment of downhill water quality, increase in photochemical smog, and
growing global concentrations of nitrous oxide which is a powerful greenhouse gas (Vitousek et
al. 1997). It can be concluded from numerous impact studies that if possible farmers should
reduce the amount of excess fertilizer being used on their crops.
The use of nitrogen fertilizers by the year 2004 had increased to an annual consumption
of 80 X 1012 g N (Miller and Cramer, 2004). In fact, 50-70% of all nitrogen provided through the
use of fertilizers is lost (Masclaux-Daubresse et al. 2010). This rampant use of fertilizers can be
diminished in crops by creating healthy symbioses interactions between the plant,
microorganisms, and fungi. These organisms bring nutrients closer to the plant, have a greater
surface area for nutrient capture, and convert nitrogen into a usable form. One of the fears
farmers have in using biological N2-fixing systems is that they will not be stress tolerant. In other
words, that through drought, salt, heat, and acid stress, the rhizobia will not be able to survive.
However, there are multiple strains of rhizobia that can form effective symbiotic relationships
even in these stress conditions (Zahran, 1999). Once these interactions are better understood they
will be more useful in manipulating growth conditions to benefit plant biomass and health;
therefore, improving agriculture and society.
1.3. Nitrogen Importance to Plants
Oxygen, hydrogen, and carbon are all critical to plant health; however, they are obtained
from either water or the atmosphere. Therefore, nitrogen can be argued to be the most important
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nutrient obtained from the soil in plant development. It is acquired mainly from nitrate and
ammonium in the environment around the roots (Masclaux-Daubresse et al. 2010). In fact,
nitrogen is so important to plant growth it can represent up to 2% of a plant’s dry matter (Miller
and Cramer, 2004). Although nitrogen is the most important limiting nutrient, very little is
available for plant use because it is already taken up by living microbes and other small
organisms (Johnson, 1994). It is possible for plants to absorb organic sources of nitrogen;
however, it is normally broken down into amino acids by microorganisms first (Jones et al.
2013). After acquisition of these different forms of nitrogen, it is used to build biomass of the
plant, by synthesizing proteins, carbohydrates, and lipids. Nitrogen is sensed by the plant and
transported to the necessary cells based on a need for the nutrient as well as the plant’s internal
and external concentrations. Due to its limited concentration in usable form for plants, it is
beneficial to form symbiotic relationships with other organisms that are better at retrieving or
forming usable nitrogen.
1.4. Symbiotic Organisms for Nutrient Acquisition
When nitrogen becomes scarce, organisms that promote the development of the plant
become important for nutrient acquisition. Two such examples are mycorrhizal fungi and
nitrogen fixing bacteria. Mycorrhizal fungi have long hyphae that increase the surface area of
absorption and allow for a broader range of nitrogen extraction (see Figure 1.1). In particular,
ectomycorrhizal fungi do not penetrate the cells themselves but form Hartig nets in between the
cell walls of the root cortex (Taiz and Zeiger, 2002). The fungal hyphae and mycelium in some
relationships may be so extensive that their mass is comparable to the plant root mass (Taiz and
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Zeiger, 2002). Fungal hyphae are thinner than roots, ~ 5 µm, which creates an efficient system
for nutrients to be absorbed for the fungi and/or shuttled back to the plant roots. These organisms
establish ectomycorrhizal relationships due to an exchange of their nitrogenous compounds such
as glycine, glutamate, and nitrate for the plant’s carbon (Nehls, 2007).

Figure 1 Plant root infected with ectotrophic mycorrhizal fungi. The fungal
hyphae form a sheath around the root and penetrate in between the epidermis and
cortex to form Hartig nets (Rovira et al. 1983).

The other symbiotic relationship explored in this study is nitrogen fixing bacteria.
Nitrogen fixing bacteria are widely known for taking gaseous nitrogen and converting it into
ammonia. The ammonia is then converted to ammonium using hydrogen in the soil which can
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then be used by the plant or can be nitrified by nitrifying bacteria and converted into nitrate for
plant use as well. These nitrogen fixing bacteria can also break down organic sources into amino
acids for plant absorption (Allison, 1973).
One type of beneficial bacteria is rhizobium (see Figure 1) that can infect the plant root
and form a nodule. First rhizobia attach to the root hair of the plant and the rhizobia release Nod
factors that induce the hair to curl around the bacteria. The rhizobia are then enclosed by the
curling hair and the cell wall of the root hair starts to degrade which allows the bacteria to have
access to the outer surface of the plant plasma membrane. Then an infection thread is formed by
the Golgi-derived membrane vesicles where the plant was originally infected. The infection
thread membrane continues to grow through to the edge of the cell and fuses with the plasma
membrane of the plant cell. Rhizobia are then released and penetrate into the subepidermal cell
plasma membrane and continue to spread to other cells. This nodule formation eventually
develops features of a vascular system which influence the exchange of nitrogen produced by the
bacteria. (Taiz and Zeiger, 2002).
In the system being created for this experiment, the Pseudomonas fluorescens will infect
the plant root to implement a symbiotic relationship between the two organisms. This bacterium
is gram-negative and secretes pyoverdin which is a yellow-green fluorescent pigment.
Additionally, this common soil bacterium fixes nitrogen to get nitrate or ammonia.
Pseudomonas fluorescens does not form nodules; however, it does form a beneficial association
with the plant roots. The bacteria then mine specific soil nutrients in exchange for fixed carbon.
Some strains of P. fluorescens support the plant interactions with mycorrhizal fungi;
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consequently, P. fluorescens was picked as the soil bacteria used in this experiment due to all of
the symbiotic characteristics listed.
Background
1.5 Methods Used to Collect Data from the Plant Rhizosphere
Typically, nutrients are assessed using soluble chemical analysis of soil samples which do
not include any living soil organisms. Therefore, while living soil organisms are the crux of
modern agriculture, these assessments do not give a true picture of soil nutrients. The only way
this process would give a true picture of the soil nutrients is if the soil is dead (there is a lack of
living soil organisms) which is often the case in our food production system. Soil organic carbon,
pH, and nutrient content are all affected by pesticides and fertilizers which, in turn, negatively
impact soil microflora (Nicholson and Hirsch 1998, Yang et al. 2000, Bohme et al. 2005).
Consequently, when microflora are not included, in vitro analyses will lead to less accurate
information than in situ analyses. Two main methods are presently used to analyze nutrients from
chemical information obtained in situ in the rhizosphere of plants, X-ray Fluorescence
Microscopy and Nanoscale Secondary Ion Mass Spectrometry (Clode et al. 2009, Kilburn et al.
2010). The most recent method is X-ray Fluorescence Microscopy which irradiates the sample
with X-rays, exciting an electron in the core of the atom, ejecting it from the orbital. Next, the
electrons in higher orbitals fill the empty ring and release energy in the form of fluorescence that
is characteristic to each element (Lombi et al. 2011). The X-ray Fluorescence Microscopy
method is problematic for analyzing nutrients in this study because it cannot detect Low Z
elements such as carbon or nitrogen; which, are necessary elements to analyze in plant studies.
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The second method is Nanoscale Secondary Ion Mass Spectrometry (NSIMS) which
detects information on molecular or elemental distribution. This method is designed for high
lateral resolution up to 50nm and high mass and sensitivity resolution (Zhao et al. 2014). NSIMS
uses an ion beam to collide with the top atomic layers of the sample. When the ions collide,
secondary ions are emitted back from the sample to the detector and are analyzed in a mass
spectrometer. The analysis provides information on the molecular or elemental distribution
within the sample; however, mapping larger areas is quite slow (Zhao et al. 2014). NSIMS is also
a destructive technique, must be performed under ultra-high vacuum, and has poor secondary ion
yield (Zhao et al. 2014). Those qualities of NSIMS disqualify the technique for use in this
experiment; therefore, another technique is used to analyze the rhizosphere of Populus
tremuloides.
Fourier transform infrared imaging (FTIR-Imaging) is a technique that can not only
image cellular components, exudates, and micro- and macronutrients, but also quantify them
(Victor et al. 2017). The technique is based on the concept that a mid-infrared absorption in
different chemical bonds in a cell or tissue can be correlated to the presence of biomolecules
such as DNA, glycogen, protein, sugars, collagen, lipids, and even smaller chemicals such as
ammonia (Sreedhar et al. 2015). Potentially, every pixel captured has a multitude of chemical
information across the entire selected IR spectrum of the organism being studied. This relatively
new imaging approach allows observation in environmentally relevant conditions without
degradation of the system being studied. FTIR-Imaging is the rapid approach chosen to reliably
visualize and quantify nutrients in the rhizosphere; specifically, inorganic ions such as nitrates
and phosphates as they each exhibit unique infrared vibration frequencies (Victor et al. 2017).
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In 2017, Victor et al. did a study of nutrients in the rhizosphere using FTIR Imaging with
P. tremuloides and L. bicolor. Images and nutrient measurements were taken from slides with the
following conditions: media only, P. tremuloides only, L. bicolor only, and P. tremuloides + L.
bicolor. The media was a nutrient enriched Phytagel matrix that allowed growth of symbiotic
interactions in the rhizosphere for seven weeks. Nitrate concentrations were shown to be 5 times
higher around the root/fungal area of the media which suggests that nutrient sharing in the
rhizosphere is taking place. It was found through these experiments that FTIR- Imaging is a
possible method to reliably image and quantify nutrient availability in the rhizosphere (Victor et
al. 2017). However, this experiment was performed in media that was nitrogen rich while the
experiment discussed below is performed in a reduced nitrogen media to relate more accurately
to the soils found in today’s agriculture crops pre-fertilization. Another difference in this study is
the added rhizosphere symbiotic organism, P. fluorescens.
In this thesis project, a unique laboratory model system was used, focusing on only three
organisms, one plant/tree, one fungi, and one bacteria. This allowed nutrient concentrations to
be manipulated and to simplify the system complexity. The system was comprised of a poplar
tree species, Populus tremuloides, an ectomycorrhizal fungus, Laccaria bicolor, and a symbiotic
bacteria, Pseudomonas fluorescens all grown on slides covered in McCown Woody Plant Media
(WPM) with adjusted nutrients. There were both Nitrogen rich (control) and Nitrogen limited
(experimental) samples made for all systems. The Nitrogen rich systems contained 14.7mM
which is an optimized concentration of nitrogen for plant health; while the Nitrogen limited
systems contained ¼ of the nitrogen (3.7mM). The system was designed on slides dipped in
Phytagel nutrient rich or limited media, inoculated with symbiotic fungus and bacteria, and
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allowed to interact in a controlled environment for 7 weeks. After the samples were dried at the
end of the 7 weeks, the project made use of facilities at Brookhaven National Laboratory (BNL)
under the supervision of Lisa Miller, Ph.D. (Biophysical Chemist) where FTIR imaging was used
to analyze the samples.
With that information in mind, two research goals were established during this project.
The first goal was to test the ability of FTIR imaging to quantify nitrogen in the rhizosphere in
order to understand and confirm how small, inorganic nutrients are passed between organisms in
a symbiotic relationship. This FTIR Imaging system is a new direction that is important for
understanding nutrient sharing that is happening in extremely complicated, symbiotic systems
and may bring valuable insight to the agricultural field. The second goal was to quantify
previously tested interactions under limited nitrogen environmental conditions to observe how
these interactions may respond to limited nitrogen conditions.
Thus, the question for the project was: “Does the fungus, Laccaria bicolor, still work to
benefit the plant, Populus tremuloides, by drawing in nitrogen in nitrogen limited
environments?” Our hypothesis was that Laccaria bicolor will continue to transport nitrogen
based nutrients closer to the Populus tremuloides roots in nitrogen limited environments, thereby
compensating for the nitrogen limited conditions by bringing the final concentrations around the
roots to the same order as the normal nitrogen media concentrations. This hypothesis was
developed based on observations of the plant development observed in past experiments done
with Leland Cseke in normal nitrogen environment with the L. bicolor (Victor et al. 2017) and
with work with projects at Argonne National Laboratory.
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Chapter 2
Materials and Methods
2.1 Nutrient Media preparation
Woody Plant Media (WPM) is a standard media used for many types of woody plants. It
has an optimized amount of N (14.7mM) that works best for plants in plant culture. The WPM
recipe was used to make a modified stock solution in order to create a control media with normal
nitrogen concentrations (14.7mM), and N-limiting concentration media (3.7mM). These stock
solutions for macro- and micro-nutrients and vitamins were prepared according to the
concentrations given in the media component (see Table 2.1). MES was used in the media to
buffer the solution around pH 5.6, which aids the growth of bacteria and fungi as well as the
plant tissue. To avoid variation, a 2000 ml batch was first prepared with all non-nitrogen
containing stock solutions and vitamins. This was done by obtaining a beaker with 1800 ml of
ddH2O and dissolving 1 g of MES in the water. This batch of media was then split in half and
the correct amounts of nitrogen stock solutions (NH4NO3 and Ca(NO3)2·2H2O) were added.

Table 2.1. McCown’s Modified Woody Plant Media (WPM) Recipe. The
highlighted media was altered according to Table 2.2 for limited nitrogen

Table 1. Modified McCown's Woody Plant Media (WPM)
Materials
Concentration (g/L)
WPM w/ Salts and Vitamins
2.4
Sucrose
15
MES (2-(N-morpholino)ethanesulfonic acid)
0.5
KOH
1 (mol/L)
Phytagel
4
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Table 2.2 Trace elements added to media to provide plant nutrients. A) Components were made
into trace element stock solutions and added using the corresponding volume. B) In the
nitrogen limited media, Ca(NO3)2.4H2O and NH4NO3 was reduced to one quarter the standard
amount. Ca was added back into the media as it diminished when Ca(NO3)2.4H2O was reduced.

Microelements

Macroelements

Vitamins

A

Microelements

Macroelements

Vitamins

Components
CuSO4.5H20
FeNaEDTA
H3BO3
MnSO4.H20
Na2MoO4.2H20
ZnSO4.7H20
CaCl2
Ca(NO3)2.4H20
KH2PO4
K2SO4
MgSO4
NH4NO3
Glycine
Myo-Inositol
Nicotinic acid
Pyridoxine-HCL
Thiamine HCL

Stock Solutions (mg/ml)
1.0
36.7
6.2
22.3
1.0
8.6
72.5
556.0
170.0
82.5
180.5
200.0
2.0
50.0
1.0
1.0
2.0

Store
4°C
4°C
4°C
4°C
4°C
4°C
25°C
25°C
4°C
4°C
4°C
4°C
4°C
4°C
4°C
4°C
4°C

Components
CuSO4.5H20
FeNaEDTA
H3BO3
MnSO4.H20
Na2MoO4.2H20
ZnSO4.7H20
CaCl2
Ca(NO3)2.4H20
KH2PO4
K2SO4
MgSO4
NH4NO3
Glycine
Myo-Inositol
Nicotinic acid
Pyridoxine-HCL
Thiamine HCL

Stock Solutions (mg/ml)
1.0
36.7
6.2
22.3
1.0
8.6
72.5
556.0
170.0
82.5
180.5
200.0
2.0
50.0
1.0
1.0
2.0

Store 1/4 Nitrogen (µl/L)
1/4 Nitrogen (µl/2L)
4°C
250
500
4°C
1000
2000
4°C
1000
2000
4°C
1000
2000
4°C
250
500
4°C
1000
2000
25°C
1000
2000
25°C
250
500
4°C
1000
2000
4°C
12000
24000
4°C
1000
2000
4°C
500
1000
4°C
1000
2000
4°C
2000
4000
4°C
500
1000
4°C
500
1000
4°C
500
1000
Ca Replacement in 1/4 N- CaCl2(471.26 mg/L)
750
1500

B

!12

Normal N (µl/L)
250
1000
1000
1000
250
1000
1000
1000
1000
12000
1000
2000
1000
2000
500
500
500

Normal N (µl/2L)
500
2000
2000
2000
500
2000
2000
2000
2000
24000
2000
4000
2000
4000
1000
1000
1000

The pH was changed to 5.6 using a 1M solution of KOH. Once everything was dissolved,
each 1000 ml solution (normal and low nitrogen) was split into 400 ml to be kept in liquid form
and 600 ml was converted to solid media by adding 4.8g of phytagel (8g/L). Phytagel is an agar
substitute that is produced from a bacterial fermentation process that produces a clear, high
strength gel which helps in the visual detection of microbial contamination. All solutions were
autoclaved on liquid cycle 2 for 65 minutes. The media was cooled to 60°C in a warm water bath
and kept there until prepped for use in sterile hood, then was supplemented with 1.5% sucrose
(30 ml/L of sterile 50% sucrose solution).
2.2 Slide preparation (Dip-Coating)
Preparation for dipping the slides was critical. Contamination of slides with foreign
bacteria and fungus can be an issue in experiments working with particular fungus and bacteria.
To avoid this, extreme care was taken during all steps to keep each instrument and organism as
sterile as possible. As sterilization is essential, all media and instruments were autoclaved with
the media on liquid cycle 2 for 65 minutes and then sterilized with ethanol before being placed
into the hood with UV rays for ten minutes. The instruments sterilized were two hotplates, two
mercury thermometers, two 400 ml beakers, two small stir bars, two forceps, one liquid nitrogen
cooler setup, 10 ml pipette tips, pipette bulb, 120 packaged and autoclaved slides, petri plates,
liquid and solid nitrogen media, and 120 centrifuge tubes (50 ml). All instruments were
transferred into the hood utilizing aseptic technique. Slides were labeled in the upper right hand
side of the slide with black marker before being autoclaved in order to maintain organization.
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One limitation of FTIRI technology is that you have to have a specific thickness in order
for the IR waves to pass through the sample and be detected. Due to this limitation, the dipping
procedure was necessary to coat the slide in a thin layer of media for analysis. Additionally, it is
important to understand that if the media is too thin the plant roots will not be able to grow; yet,
if the media is too thick it will absorb the IR wavelengths. Therefore, many experiments were
performed in projects with Brookhaven National Laboratory and Argonne National Laboratory to
develop a procedure that gives the exact width of media necessary for imaging. Precise
temperatures, media, and slides were chosen that gave the correct thickness for IR imaging;
consequently, normal microscope slides were not used as they were too thin and not able to
properly reflect the IR wavelengths.
Two different experiments were performed, one with low-emission slides and the second
with Polyethylene and Infrared-transparent CaF2 slides. Low-emission slides minimize IR
interfering absorptions while maximizing visible light transmission. However, the dipping
procedure produced thick media and two new types of materials were chosen (Polyethylene and
CaF2). Polyethylene slides were necessary in the second experiment because the media needed to
be carefully cut and peeled off the slide in order to have the required thickness for FTIRImaging. CaF2 slides do not absorb any of the IR waves during testing and bypass the thick
media issue; therefore, despite the cost these slides were used with some samples in the second
experiment. However, due to the expensive cost of the CaF2 slides, a small number were used to
test whether or not the plants grew well on this substrate before spending more money on the
slides.
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Polyethylene and Infrared-transparent CaF2 slides (used for all infrared imaging
experiments) were chosen for the project and carefully placed in a metal slide container. Lowemission slides were used in the first experiment. The slides were wrapped in aluminum foil to
keep the coated side of the slides from scratching in the second half of the experiment. In the
first experiment low-emission slides (IR reflective slides) were used to double the IR signal by
reflecting it back through the media to the sensor. The slides were then autoclaved on a dry / kill
cycle, cooled to room temperature, and frozen in -80°C until experiment media was ready for
use. Two hotplates were surface sterilized and calibrated to maintain media temperature ate 50°C
in order to provide an ideal thickness of media (0.5 mm) during slide preparation. Once the hood
was prepped the slides were pulled from the -80°C freezer and stored on a metal tube rack (keeps
the slides 1 inch from the liquid nitrogen) resting in liquid nitrogen inside of a sterilized cooler.
The same process was done for the low-emission slide experiment as well.
All dipping steps were conducted inside the sterile hood. These slides were then dipped
vertically three seconds down and three seconds up in the 50°C media which was being slowly
stirred with a sterile stir bar to maintain uniform temperature throughout the media (see Figure
2.1). The dipped slides were placed coated side up on sterile petri dish. This was done 6 slides at
a time before wiping the back of the slides with a sterilized cloth and transferring to a 50 ml
centrifuge tube filled with10 ml of liquid media. The solid media covered roughly ¾ of the slide.
Once all slides were dipped and placed in the centrifuge tubes, they were stored in a growth
chamber and observed once a week for signs of contamination.
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Figure 2.1. Setup for dipping slides in solid normal and altered WPM Media. Two beakers are

2.3 Plant Growth
We examined and analyzed the nutrient exchange among a rhizosphere community using
three symbiotic organisms: quaking aspen seedling (Populus tremuloides), a symbiotic bacteria
(Pseudomonas fluorescens- strain PF01), and a mycorrhizal fungus (Laccaria bicolor-Orton
strain S238N). Four different conditions were examined: (1) plant-only, (2) plant + bacteria, (3)
plant + fungus, and (4) plant, fungus + bacteria.
2.3.1 Poplar Seed Sterilization and Growth
Populus tremuloides Michx seeds were obtained from the Canadian Natural Resources
National Tree Seed Center, P.O. Box 4000, Fredericton NB Canada, E3B 5P7 (http://
www.atl.cfs.nrcan.gc.ca/seedcentre/seed-center-e.htm). Seed lot No. 9910008.0 were sterilized
and embedded into the media on the Polyethylene slides one week after the slides were dipped.
Frozen seeds were removed from -20°C and defrosted at 4°C for six to eight hours in two
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separate 2 ml microcentrifuge tubes. One 50 ml beaker, glass pipette tips, and a vacuum flask
were autoclaved, then allowed to cool and wiped down with ethanol before stored in the hood
with WPM media plates, 0.1% sterile agarose solution, Tween 20, bleach, sterile water, a Bunsen
burner and hoses. All instruments were left under UV light for 10 minutes. Sterilization solution
was made by combining 1 ml of commercial bleach, 9 ml of sterile water, and 1 drop of Tween
20 into the 50 ml beaker then mixed using the pipette tip. The three glass pipettes were melted,
stretched, and gently tapped until the tip holes were small enough to prevent the seeds from
being sucked through the pipette. One ml of sterilization solution was added to each tube filled
with seeds and shaken gently for 5 minutes. The solution was removed using the vacuum setup
and 0.5 ml of sterile water was added. This was then shaken gently for one minute and the
vacuum setup used again to take out all solution. The steps performed with the sterile ddH2O
rinse and vacuum setup was done four more times.
For germination, 1.9 ml of 0.1% agarose solution was added to each tube in order to
suspend the seeds using the 2 ml pipette. The agarose and seeds were pipetted into the tube and
held 3 centimeters above the WPM plate before spattering onto the media. This height spreads
out the seeds so they are easier to obtain with tweezers (their roots do not grow together) once
they have germinated. After all seeds were dropped onto the media they were left to solidify (5
minutes) before closing the petri dishes and wrapping with parafilm. The seeds were placed in
the germination chamber and monitored for contamination for five days. Seeds showing signs of
germination were embedded onto the prepared slides using a sterilized spatula and forceps. The
slides were then placed back into each 50 ml Falcon , which contained 10 ml of liquid WPM to
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keep the slide moist, and incubated in a growth chamber at 22°C, 60% humidity, and running a
16 h day/8 h night regime for 7 weeks to allow plant growth and development.

2.3.2 Laccaria bicolor Strain and Culture Conditions
Two days after the seeds were transplanted onto the slides, they were inoculated with
fungus. Laccaria bicolor, free-living mycelium of the Orton strain S238N (dikaryotic) were subcultured and maintained on Modified Melin Norkan’s (MMN) medium at 20°C in the dark. One
mm square slices (making sure to include the fungal hyphae) were cut under sterile conditions in
the hood. These fungal “plugs” were placed face down next to the poplar seedling roots and all
seedlings were returned to the growth chamber to allow symbiotic interactions to establish.
2.3.3 Pseudomonas fluorescens Inoculation of Populus tremuloides
The bacteria, P. fluorescens strain PF-01, were incubated after a toothpick inoculation
into 2 ml of WPM liquid media for 16 hours at 20°C in a shaker at 220 RPM. The same day as
fungal inoculation, a 50µl volume (~1 drop) of P. fluorescens was dripped onto the media next to
root of P. tremuloides. Seedlings post-inoculation were returned to the growth chamber for the
remainder of the 7 weeks to allow symbiotic interactions to establish.
2.3.4 Inoculation with Laccaria bicolor and Pseudomonas fluorescens of Populus tremuloides
Two days after the Poplar seedlings were transferred onto the slides, they were inoculated
with the symbiotic bacteria and fungus. For the fungus, two mm square slices were cut (making
sure to include the hyphae) and transplanted onto the slides close to P. tremuloides root growth.
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Bacteria, Pseudomonas fluorescens PF-01, was toothpick inoculated into 2 ml of WPM liquid
media then incubated in a shaker for 16 hours at 20 at 220 RPM. After incubation, a 50 µl
volume of P. fluorescens was dripped onto the media next to the root of P. tremuloides. Postinoculation, the Poplar slides were returned to the growth chamber for the remainder of the 7
weeks to allow symbiotic interactions to establish and photographs were taken weekly during
development.
2.3.5 Drying of Seven Week Slides in all Conditions
After seven weeks of growth, the plants were oven dried at 60°C between 3-5 hours until
all trace of water was gone (see Figure 2.2). This temperature allows fast drying of the thin
media without harming the chemical nutrients or allowing them to diffuse to other parts of the
slide. It is essential that all water be removed as this can interfere with data collection. This is
due to the IR absorption of water covering the IR absorption of the elements being studied. The
plants were left in the test tubes on their sides with the lids off during the drying period after the
outside of the tube was sterilized. Once dried, plants were shipped to Brookhaven National
Laboratories for FTIRI analysis. Two different experiments were performed. The first
experiment was performed on low-emission slides and the second on Polyethylene slides and
CaF2.
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Figure 2.2. Plants from all conditions drying in an oven at 60°C from
3-5 hours. Glass plates were used to distribute heat evenly.

2.4 Analytical Procedures Performed at Brookhaven National Laboratory
Facilities and personnel in the laboratory of Lisa Miller, Ph.d. (Biophysical Chemist) at
Brookhaven National Laboratory were used for this analysis. The calibration standards, FTIR
spectroscopy and imaging, and partial least squares regression were performed by Tiffany Victor
at Brookhaven National Laboratory due to their FTIRI equipment and the relationship formed
from working on past projects in the laboratory of Dr. Cseke.
2.4.1 Calibration Standards of Media
Calibration models are necessary for both nitrate and ammonium which are the main two
nitrogen sources found in soil and in the media used. The calibration standards were prepared
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using non-nitrogen nutrients and vitamins stock solutions. For the nitrate calibration model, eight
solutions were made, each with 6mM ammonium chloride. All eight solutions contained 0, 1, 3,
5, 9, 15, 25 and 40 mM nitrate in 20 ml of non-nitrogen containing media. The ammonium
calibration model contained six solutions that were made with a concentration of 9 mM nitrate as
well as 0, 1, 3, 6, 12, 20 mM ammonium in 20 ml of non-nitrogen containing media. Eight g/L of
Phytagel was added to each solution for solidification of the media and after autoclaving the
media was supplemented with 1.5% sucrose. Slide preparation and dipping was done as
developed in the Cseke lab, as described above.
2.4.2 FTIRI Spectroscopy and Imaging
All FTIR spectra and images were acquired using a Spectrum Spotlight 400
FTIRImaging System (PerkinElmer) in transmission mode. Infrared images were collected in the
mid-IR region from 4000 to 750 cm-1 using a 16 pixel MCT (Mercury Cadmium Telluride) array
detector with a 25 µm pixel size. The spectral resolution was 8 cm -1 and 16 scans per spectrum
were collected. FTIR spectra from calibration standards were collected in the mid-IR region from
4000 - 750 cm-1 using a spectral resolution of 4 cm-1 and 8 scans per spectrum.
2.4.3 Partial Least Squares (PLS) Regression
Partial Least Squares (PLS) regression is a statistical technique used to build predictive
models of multivariate data. The PLS algorithm finds the factors that best describe the variations
in the predictors (infrared spectra) and responses (concentration of N ions). The PLS models
were developed using Opus Quant2 software. The spectral range of interest, from 1550 to 1200
cm-1, was chosen because it contained the strongest contributions from the nitrate and
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ammonium vibrational peaks (Victor et al. 2017). In total, 171 data points were employed in
building the models. The spectra were vector normalized as part of the pre-processing treatment
to reduce any absorbance intensity bias due to differences in sample thickness. Leave-one-out
cross validation modeling method was employed. For this process, seven out of the eight samples
were used as the training dataset for the calibration set to test the one sample left out for the
nitrate model. This iteration was done so that all unique samples were left out once and tested.
This process was done for the ammonium model as well. The models were evaluated using the
root mean square error of cross validation (RMSECV), coefficient of determination (R 2), and
ratio of performance to deviation (RPD). Spectra from the infrared maps were used to calculate
the ammonium and nitrate concentrations.
2.5 Plant Analysis
Photographs were taken on a tripod with a Nikon camera to characterize the plant
systems as they developed. Tubes were held in a clear, Falcon tube stand with light directly
above the samples. Once the camera and plants were in the proper formation, a timer was set on
the camera for a 10 second wait time. Pictures were taken without anything touching the camera
as to get the clearest picture possible for data collection and analysis.
2.6 Data Analysis
Data were collected from the photographs for the number of root branches, leaf number,
leaf size, primary root length, and coloration of the leaves of the P. tremuloides. Measurements
were collected using the ruler on SketchUp Pro 2018 with images taken. The Falcon tube shows
a 5 ml volume measurement of 9.5 mm and a width of 30mm. Using SketchUp Pro with images
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taken, the 5 ml tube marks were measured in mm as well as lengths of the roots and leaves. The
root and leaf mm lengths were divided by the mm distance of the mark then multiplied by 9.5
mm in order to obtain the ratio of the image plant data to the actual lengths. Color of the leaves
was labeled by number scale, 1 through 4. The scale of 1 is a very light, yellow color, 2 a darker
yellow, 3 a light green, and 4 is a dark green leaves. Once all data were collected, they were
averaged and bar graphs were created using Microsoft Excel for analysis.

!23

Chapter 3
Results
3.1 Wet Lab Observations
To test the hypothesis, we conducted visual analyses of the experiment through a time
period of 7 weeks. This was performed for both the first experiment on low-emission slides and
the second experiment on Polyethylene and CaF2 slides. The Figure 3.1.1 and 3.1.2 were made
to show the differences and similarities in physical characteristics observed between limited
nitrogen and normal nitrogen on the low-emission slides. Figure 3.1.1 exhibits low-emission
slides in normal nitrogen media where plants A and B show signs of a lack of nutrients with a
yellow coloring of the leaves while the rest of the plants that have formed symbiotic
relationships have darker green leaves. This suggests that the plant may run out of nutrients in 7
weeks when grown without symbiotic organisms. The fungus in plants C and D show a purple
coloration due to obtaining the necessary nutrients for health; consequently, the plant shows a
dark green coloration of the leaves emitting a sign of health as well. Images F and H show signs
of life but stopped growing. Although E, G, and I are from two different environments, they both
show signs of health. Plant E in the plant and bacteria condition shows dark green leaves, large
root and leaf growth, and plenty of branching. Overall, the majority of the normal nitrogen plants
performed well; however, plants that have formed symbiotic relationships display better results
in phenotype.
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Figure 3.1.1. Experiment performed on Low-Emission slides Normal nitrogen concentrations
with the following: A,B) P. tremuloides only C,D) P. tremuloides and L. bicolor E,F) P.
tremuloides and P. fluorescens G,H, I) P. tremuloides, L. bicolor, and P. fluorescens. L. bicolor
in images C and D exhibit a purple coloration that shows the fungus has obtained plentiful
nutrients for itself. The plants A and B show growth but the yellow leaf coloration can be
explained by a lack of necessary nutrients for full health. Overall, the majority of the normal
nitrogen plants performed well; however, plants that have formed symbiotic relationships
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Figure 3.1.2 exhibits low-emission slides in a limited nitrogen environment with each
condition. In a limited nitrogen environment, P. tremuloides by itself (A,B) is barely able to
grow. When combined with L. bicolor (C,D), the plants show better leaf health and more growth.
Although plants in relationship with P. fluorescens (E,F) show dark green leaves, the size of the
leaves and length of the roots are limited. When all three organisms are combined (G,H,I), P.
tremuloides, L. bicolor, and P. fluorescens, the plant shows phenomenal growth and health. There
are many branching roots and large, green leaves.
Although the sample size of the plants is small in the low-emission slide experiment,
Figure 3.1.1 and 3.1.2 lead to beneficial phenotypic information. Plants A and B in both Figure
3.1.1 and Figure 3.1.2 show lightly colored green leaves which are a symptom of nutrient
deprivation. However, the normal nitrogen plants are receiving enough nitrogen to grow while
the nitrogen limited plants show stunted growth. In Figure 3.1.1, L. bicolor grew down the slide
into the liquid media and turned purple. This dark purple coloration is a phenotypic result of L.
bicolor having plentiful necessary nutrients and healthy fungal growth while the limited nitrogen
slides did not show this (C and D in both Figure 3.1.1 and 3.1.2). In the limited nitrogen plants a
noticeable difference can be seen between Poplar seedlings grown on their own or with P.
fluorescens, and the plants grown with fungus. Consequently, from observing the figures it may
be suggested that P. tremuloides is benefited the most by both symbiotic organisms, mainly
fungus, when nutrients are limited.
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!
Figure 3.1.2. Experiment performed on Low-Emission slides with Poplar
seedlings on Nitrogen limited media. A,B) P. tremuloides only C,D) P.
tremuloides and L. bicolor E,F) P. tremuloides and P. fluorescens G,H,I) P.
tremuloides, L. bicolor, and P. fluorescens.
After the experiment with the Low-emission slides, BNL analyzed the media and it was
found that the media was too thick to analyze on the slide because it would absorb the IR
wavelengths. Due to the dipping procedure, the media could not be coated any thinner; therefore,
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it was decided to use Polyethylene slides. This material is more flexible so that the media can be
sliced and removed in sections, and then analyzed at BNL.
Figures 3.1.3 and 3.1.4 show both normal nitrogen and limited nitrogen environments on
Polyethylene slides. These figures were made to observe the differences in phenotype of the
different concentrations of media on the new Polyethylene slides. In Figure 3.1.3 (A-E), P.
tremuloides was grown in normal nitrogen media without any other organisms. One can observe
the varied leaf size and root length; however, all five plants show a medium green coloration of
the leaves signifying health. In the same figure, plants F-J are P. tremuloides and L. bicolor
grown on normal nitrogen media. Plant G shows stunted growth and plant J never began to take
root in the media; therefore, plant J died. Although those two plants did not perform well, plants
F, H, and I show dark green leaves, signifying the health of the overall plant.
Additionally, P. tremuloides and P. fluorescens slides (K-O) show varied primary root
growth and varied leaf color. Plants L and M have stunted growth while the other three, plants
K, N, and O, demonstrate healthier root and leaf growth. The last group in Figure 3.1.3 are the
slides sharing all three organisms, P. tremuloides, P. fluorescens, and L. bicolor (P-T). As can be
see, the last three plants showed almost no growth before dying while P and Q grew as well as
plants in over environments in this figure. The stunted plants among these groups and those that
died, may have not been able to obtain enough nutrients before establishing a relationship with
the fungus and bacteria.
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Figure 3.1.3. Experiment performed on Polyethylene slides and Normal Nitrogen media with the
following: A-E) P. tremuloides F-J) P. tremuloides and L. bicolor K-O) P. tremuloides, and P.
fluorescens P-T) P. tremuloides, L. bicolor, and P. fluorescens. The plants in this figure overall show
varied growth. The only sections without plant death were those grown with P. fluorescens and those
grown with P. tremuloides alone.
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The below figure, 3.1.4 shows P. tremuloides grown on Polyethylene slides on limited
nitrogen media. Plants A-D show 50% of the plants with stunted growth and the other half (A,D)
with normal growth of the roots and leaves. Plants E-I are those grown with L. bicolor as the
symbiotic organism. The only plant with excessive growth of the roots and leaves is plant G,
while the rest of the organisms showed poor root and leaf development and color. Plants J-N are
those grown with P. fluorescens. Only plants K and M show any green coloration while the rest
of the plants look unhealthy or dead. In the last set of plants (O-S) with both P. fluorescens and
L. bicolor, all of the organisms look sickly or dead. Many of the plants in the limited nitrogen
experiment seem to not be healthy and show limited growth.
In Figure 3.1.3 (normal nitrogen), 6 organisms showed stunted growth or death while 11
plants showed these characteristics in Figure 3.1.4 (limited nitrogen). These figures seem to
show that P. fluorescens and L. bicolor did not benefit P. tremuloides much in the limited
nitrogen environment, particularly on Polyethylene slides. When comparing Figure 3.1.3 and
3.1.4, you can conclude that the plants performed better on the Low-emission slides. Therefore, it
would be more desirable to perform the experiment on the Low-emission slides if the proper
width of media could be obtained.
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Figure 3.1.4. Experiment performed on Polyethylene slides on limited nitrogen media
with the following: A-D) P. tremuloides E-I) P. tremuloides and L. bicolor J-N) P.
tremuloides and P. fluorescens O-S) P. tremuloides, L. bicolor, and P. fluorescens. Overall,
plants show stunted and limited growth in comparison to those grown on Low-emission
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The goal was to have plants that would not need to be peeled off the slide (like the
Polyethylene) to analyze for the second experiment. The CaF2 slides were chosen for their low
absorption and refractive index. Figure 3.1.5 show the 5 slides that were coated in media without
cracking. Plants A and B were both on limited nitrogen media. However, plant A, with only L.
bicolor, did not grow into the media well before dying; while, plant B did grow but showed
stunted growth and yellowing leaves. Plant C (P. fluorescens), D (L. bicolor), and E (L. bicolor
and P. fluorescens) were all grown in normal nitrogen media and show similar growth patterns.
The plants grown with normal nitrogen media show healthier leaves than the limited nitrogen
plants. The media on these slides were very thin due to their material when dipping which will be
discussed further in the discussion.

Figure 3.1.5. Plants grown on CaF2 slides. A) Nitrogen limited plant and L. bicolor B)
Nitrogen limited plant, L. bicolor, and P. fluorescens C) Normal nitrogen plant and P.
fluorescens D) Normal nitrogen plant and L. bicolor E) Normal nitrogen plant, L. bicolor,
and P. fluorescens. All plants show limited growth especially for the two limited nitrogen
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Figure 3.1.6 and 3.1.7 were made to compare physical characteristics that the plants
exhibited such as: average root branch number, average leaf number, average leaf size in mm,
average leaf color (scale of 1-4, yellow to green) and root length in mm. The normal nitrogen
plants in both experiments had similar lengths and numbers. However, the limited nitrogen plants
varied greatly between low-emission slides and Polyethylene slides. The low-emission slides
show slides with symbiotic organisms performing better than the plant alone. In the Polyethylene
slides the plant only shows greater health in the leaf number and coloration which does not
correlate with the results from low-emission limited nitrogen slides. Figure 3.1.6 shows root
lengths and has similar patterns of growth as Figure 3.1.7. However, P. tremuloides alone grew
longer roots than the slides with L. bicolor and plant + fungus + bacteria.
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A

Figure 3.1.6 Average root length (mm) and average whole plant growth (mm) of both the control
and limited-nitrogen plants on both Low-emission and Poly-ethylene slides. Plants grown on Lowemission slides grew longer roots on average while those grown on Poly-ethylene slides had
shorter roots. Those grown in the control media on Low-emission slides show the best overall plant
growth. All root growths are as expected except for the limited-nitrogen on the poly-ethylene slides
because fungus only and the plant + bacteria + fungus show shorter root lengths than plant alone.
In fact, plant only exhibits 140% growth compared to the plant + fungus which does not follow
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Figure 3.1.7 Phenotypic data from plants from both experiments with low emission slides, and Polyethylene
slides. A) Average number of leaves on the plant. B) Average size of the largest leaf on the plant in mm. C)
Average leaf color on a scale of yellow to green (1 to 4). D) Average number of root branches on the plant. Error
bars are calculated from standard deviation and are large due to the small sample size of 5 or less in each
category. Plants grown on limited-nitrogen media show excessive growth when combined with both L. bicolor
and P. tremuloides. Possibly the symbiotic organisms benefit the most when the plant is at a disadvantage with
3.2 FTIR Imaging of Nutrient Compounds
less nutrients. Also, plants grown on normal nitrogen media show similar growth of leaves and roots and those
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P. tremuloides grown on normal nitrogen was analyzed in order to determine whether
symbiotic relationships had formed at the microscopic level. Figure 3.2.1 shows Poplar
seedlings grown with and without L. bicolor (also shown in Figure 3.1.1 B and D). Plant A
shows a light green leaf coloration suggesting a lack of nutrients. The lack of hyphae around the
root in both image B and C prove there are no fungal interactions taking place at the primary
root. Figure 3.2.1 D, E, and F is a plant that was grown in relationship with L. bicolor. In image
3.2.1 D, notice the purple coloration on the plant grown with fungus expressing that it has
plentiful nutrients. As well, the Poplar seedling grown with the fungus grew broader leaves and
in a greater amount. Figure 3.2.1F show dense fungus closer to the root tip while the plant
without L. bicolor has a lack of fungal hyphae around the root (no pink coloration surrounding
the root tip). Therefore, the plant grown without L. bicolor has no fungus present in the root
rhizosphere. The FTIR spectrum in Figure 3.2.1G was used to plot images C and F by
measuring similarities between Figure 3.2.1G (taken from a sample of L. bicolor) and each
spectrum at every pixel in the infrared image. It was necessary for the components of the media
to be analyzed so they could later be separated from the ammonium and nitrate that were
analyzed in later steps. When the growth matrix was analyzed, it was found that the most
distinguishing signatures on the infrared spectrum are Phytagel, Woody Plant Media, and
sucrose.
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Figure 3.2.1 Visible light images and correlation image made from the FTIR spectrum of fungus.
A) Populus tremuloides plant grown in normal N media (control). B) Visible light image of
rhizosphere and root tip from A. C) Correlation of fungus, L. bicolor shown in P. tremuloides
root tip of B. D) Poplar plant grown with fungus, L. bicolor in experimental ¼ Nitrogen
conditions. E) Visible light image showing part of a poplar root from D. F) FTIR-I image
showing the correlation of the fungus, L. bicolor in the poplar root section from E. G) FTIR
spectrum of the fungus L. bicolor used to plot the correlation images in C and F. The plant grown
with L. bicolor in Figure 1D grew broader, darker leaves in a larger quantity than the plant that
grew without L. bicolor in Figure 1A. Hyphae from the fungus (region highlighted in red in
Figure 1F) is seen around the root of the plant grown with L. bicolor; however, the hyphae is not
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seen along the root of the plant grown without the fungus in Figure 1C. The infrared correlation
images in Figure 1C) and 1F) were generated by measuring similarities between a spectrum
from L. bicolor and each spectrum at every pixel in the infrared image. Scale bar is 100µm in
Figures, B, C, E, and F. (n=1slide per condition)

The image in Figure 3.2.2A shows the significant nutrient bands, ammonium chloride
and calcium nitrate, are overshadowed by the stronger bands of the growth matrix in the
1300-1500 cm-1 region. The spectra from Figure 3.2.2A also show that nitrate has infrared
stretching vibrations at 1334 and 1416 cm-1and bending vibrations for calcium nitrate are
observed at 820 cm-1. Additionally, ammonium chloride shows bending vibrations at 1404 and
1444 cm-1 and three stretching vibrations in the infrared spectra at 2810, 3049, and 3140 cm-1.
In order to obtain a closer look at the region of spectra that covers the nitrogen peaks, a second
derivative spectrum was taken (see Figure 3.2.2B). The second spectra (B) highlight a shoulder
at 1465 cm-1 for calcium nitrate. This spectrum was also able to show that ammonium chloride
has two infrared absorption peaks around the 1400 and 1300 cm-1 while calcium nitrate has 3
absorption peaks around 1480, 1390, and 1350 cm-1 .

!38

Figure 3.2.2 Spectral image taken of media from the plants shown in Figure 3.2.1. A) FTIR
spectra of inorganic N sources and the growth media which consisted of Phytagel + Woody Plant
Medium + sucrose (red) + ammonium chloride (blue) hydrated and calcium nitrate (purple)
(*hydrate). The ammonium and nitrate bands in the 1300-1500 cm-1 region are covered by the
other components in the growth matrix. B) To see the hidden region more closely, the region
from 1200-1500 cm-1 was observed at a closer level. The second derivative spectra of calcium
nitrate (purple), ammonium chloride (blue), and Phytagel + Woody Plant Medium + sucrose
(red). The second spectra (B) highlight a shoulder at 1465 cm-1 for calcium nitrate. This
spectrum was also able to show that ammonium chloride has two infrared absorption peaks
around the 1400 and 1300 cm-1(blue arrow) while calcium nitrate has 3 absorption peaks around
1480, 1390, and 1350 cm-1 (purple arrow).
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After the nitrate and ammonium absorption bands were determined, these sources of
nitrogen were analyzed in order to compare between the control and other conditions. On the
dried samples, nitrate concentrations were taken as a function of distance from the P. tremuloides
root tip in the normal and low nitrate samples (see Figure 3.2.3). Each point on the line plots
represents 100 µm sections. The plants were grown independently, with fungus, with bacteria,
and with a combination of the two. In the normal nitrogen plants, the plant + fungus slide show
262% concentration of nitrate close to the root than the control concentration (21mM nitrate)
(see Figure 3.2.3A). Additionally, plant + fungus + bacteria show nitrate concentrations 133%
higher than the control; while, plant + bacteria only show nitrate concentrations of 48%.
In limited nitrogen media, the plant shows 38% nitrate concentration when compared to
the control at 21mM (see Figure 3.2.3). Plant + fungus slides have nitrate concentrations of 42%
compared to the control at 55mM. The plant + bacteria limited nitrogen shows 110% nitrate
concentration when compared to the normal nitrogen plant + bacteria slide; while, plant + fungus
+ bacteria in limited nitrogen media, at a concentration of 23mM shows a nitrate concentration of
82% when compared to the same condition in normal nitrogen media. These two conditions
maintain a mostly constant nitrate concentration over the 3000 µm. These results show that the
limited nitrogen condition with all three organisms had a higher concentration of nitrate at the
root than the control.
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Figure 3.2.3 Scatter plot of nitrate concentration as a function of distance with the Poplar plant
grown with different symbiotic partners A) Normal nitrogen concentration (Control Nitrate) B)
Low Nitrate. The percentage of the concentration of nitrate in limited nitrogen media compared
to the corresponding control in normal nitrogen media are as follows: plant only is 38%, plant +
bacteria is 110%, plant + fungus is 42%, and plant + fungus + bacteria is 42%. However, the
plant + bacteria + fungus and plant + fungus limited nitrogen slides had higher overall
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concentrations of nitrate at 23mM each than the plant + bacteria limited nitrogen slide at 11mM.
Therefore, it would seem from these results that the conditions with fungus in a limited nitrogen
environment are better able to assimilate nitrate for growth. (n=1slide per condition)
Nitrate and ammonium seem to be transported by the fungus and plant in different ways
(see Figure 3.2.4). In Figure 3.2.4, nitrate concentration is plotted as a function of distance from
the P. tremuloides root grown with L. bicolor in a control nitrogen (A) and limited nitrogen
environment (B). Ammonium concentration stays similar (20mM for control and 5mM for
limited nitrogen) no matter how far away from the root the samples were taken while Nitrate
concentration peak closer to the plant root in both normal nitrogen and limited nitrogen
environments. Nitrate concentrations in the limited nitrogen slides show 42% when compared to
the control while the Ammonium shows 25% concentration to the normal nitrogen control. This
suggests that when L. bicolor is bringing nutrients closer to P. tremuloides roots, it may choose
the nitrate instead of ammonium sources of nitrogen. Additionally, the above data provides
evidence that ammonium is the first-choice nutrient as a source of nitrogen because of the
depletion.
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Figure 3.2.4 Scatter plot of ammonium and nitrate concentration as a function of distance (µm)
from the Poplar root grown with L. bicolor in A) Control Nitrogen and B) limited nitrogen.
Limited nitrogen media shows a nitrate concentration of 23mM which is 42% of the control
nitrate at 55mM. Additionally, the limited nitrogen media slide shows 25% of the ammonium
concentration than the control which is at 20mM. Ammonium data suggest it is the first-choice of
nitrogen source for the plant due to the lack of ammonium at the root. Also, it is possible from
the evidence shown that L. bicolor assimilates nitrate to the root more than ammonium.
(n=1slide per condition)

!43

Chapter 4
Discussion
Thin media was necessary due to the absorption limitations from the FTIRI technology
requiring a specific range of media thickness. Poplar trees were grown on these slides so they
could be analyzed immediately after growth without removing from the slide used (low-emission
and calcium fluoride slides). Plants were also grown on Polyethylene slides but were removed
before analysis. The phenotype of Poplar trees has been greatly examined by others in the past
and is not the point of this study; however, some information was gained from the phenotypic
observations.
4.1 Nitrogen-limitation Inhibits Plant Growth and Microbe Interaction
Phenotypic results indicate:
While the first experiment did not work for FTIRI, it did yield the above results. The
results show for the experiment with low-emission slides (Figure 3.2.6) that the limited nitrogen
plants grown with fungus show healthier characteristics. This suggests that symbiotic
relationships are formed for the exchange of nutrients such as nitrogen and carbon which benefit
plant health and growth. Additionally, in the normal nitrogen environment P. tremuloides alone
performed better without any help from other organisms. Possibly, this suggests that P.
tremuloides does not form symbiotic relationships in a nutrient rich environment because it is not
necessary or symbiotic relationships are formed but there are limited benefits. Consequently, the
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individuals in a nutrient rich environment with L. bicolor or P. fluorescens may compete for
nutrients instead of working together to survive such as in the limited nitrogen environment.
Polyethylene slides in the second experiment showed different physical characteristics
than the previous experiment. The normal nitrogen plants were similar to the first experiment by
showing similar pattern of leaf number, root branch number, leaf length, and leaf coloration.
However, the limited nitrogen Polyethylene slides displayed a higher plant only number than
fungus and plant + fungus + bacteria. In fact, P. tremuloides shows 150% higher leaf number
than the other two conditions. The leaf numbers and coloration were still taken into account for
plant health; therefore, these results indicated that the slides were okay to send to BNL to be
analyzed. Low-emission slides exhibit positive growth while the Polyethylene slides display
many with stunted growth. Due to the main difference in experiments being the type of material
used for the slide, there may possibly be a negative effect of the material on plant growth and a
new material for the slides may need to be chosen.

4.2 FTIRI Measures Difference in Nitrates Close to Roots
The CaF2 slides used in this experiment were expensive; therefore, there was a small
sample size in order to determine whether the plants grew well in this substrate. During the
second experiment with Polyethylene and CaF2 slides, plants were first analyzed under the
electron light microscope before being analyzed with FTIRI. It can be seen in Figure 3.2.1 that
the hyphae from L. bicolor were visible using an electron light microscope and FTIR imaging.
The National Synchrotron Light Source FTIR Imaging has the ability to both increase detection/
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quantification and resolution of these chemical compounds and tissues. Therefore, infrared
imaging was used to monitor the nitrogen concentration changes in the rhizosphere of Populus
tremuloides under multiple conditions.
Ammonium and nitrate have infrared absorbance bands in a wavelength stretch that is
overwhelmed by other components in the media such as Phytagel. Therefore, it was essential to
use multivariate analysis to predict the concentrations of the nitrogen sources from the samples
that were analyzed. Partial least squares regression was used to model the data and after multiple
combinations of pre-processing and spectra processing combinations the optimum models were
chosen. The optimum model selected had low latent values, high R2 values, and low error values.
The plots portraying the concentration of nitrate in the rhizosphere correlating to distance
showed that nitrate concentration was lowest further away from the plant root and increases the
closer to the root data was taken in all conditions tested (Figure 3.2.3 and Figure 3.2.4). More
than 1500 µm away from the root the nitrate concentration remained stable for all three
conditions of growth. The system with plant + fungus was able to assimilate almost 600% the
nitrate as the control concentration in the media which is consistent with the fungus pulling
nitrate closer to the root tip for use by the plant.
In the plant + bacteria condition, there was no observable nitrate assimilation in the plant
examined. Bacteria do change nitrogen into a usable form for the plant but does not assimilate
inorganic nitrogen like plants and fungus; therefore, these results are not surprising (Krapp
2015). Another possibility of the lack of nitrate assimilation is that the bacteria concentration was
too low and therefore the nitrate consumption and concentration could not be measured.
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The mycorrhizal fungi and P. tremuloides interactions were analyzed for information on
ammonium and nitrate being consumed and assimilated (see Figure 3.2.4A). The ammonium
concentration was higher further away from the root of P. tremuloides while showing low
concentrations close to the plant root. The opposite was observed for nitrate. Nitrate was
observed to have a higher concentration close to the root (assimilation); the ammonium has a
lower concentration close to the root where around 40% of the concentration is consumed. The
normal nitrogen condition shows only 10% consumption; therefore, the low nitrogen
environment has 4x the consumption of ammonium than the normal nitrogen. In both nitrogenlimiting and normal nitrogen, the nitrate is still being assimilated by the fungus. This pattern of
consumption and assimilation suggests that ammonium is the preferred source of nitrogen to be
consumed in the mycorrhizal fungus and plant system. Ammonium can be taken up by the plant
and immediately used for amino acids while nitrate is either stored in vacuoles or reduced before
being used(Tischner, 2000). Consequently, it may be possible to increase efficiency of
agricultural fertilizers by minimizing the amount of nitrate in the soil. This would increase
productivity of the plant because it would be obtaining ammonium as a source of nitrogen and
the mycorrhizal fungus can assimilate the nitrate for the crop. This would decrease the amount of
nitrogen runoff. The type of nitrogen source utilized by a plant is determined by multiple factors
such as: the type of soil, pH of the soil, the nitrogen available, and the amount necessary for
function of the plant; however, the results observed align with past scientific studies as NH4 is
normally preferred by plants more than NO3 because it is energetically easier to transport
(Paungfoo-Lonhienne et al. 2008).
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The hypothesis for this experiment was that the systems will show the same
concentration of nitrogen around the plant root whether in the limited nitrogen media or normal
nitrogen media. Although Figure 3.2.4A and Figure 3.2.4B show a similar trend in
concentrations of ammonium and nitrate, nitrate concentrations were 300% higher in the control
conditions than in the low nitrogen. This shows that our hypothesis was not correct and needs to
be revised. Although Laccaria bicolor does seem to be drawing the nitrate in towards the plant
root in both conditions, it does not do this in a large enough capacity in the low nitrogen system
to match the concentration of nitrate in the normal nitrogen system that the fungus moves.
Therefore, the prediction of nitrogen concentrations being the same close to the plant root in both
low and normal nitrogen conditions did not prove to be true.
More than 50% of nitrogen provided through fertilizers is lost and eventually results in
water pollution (Masclaux-Daubresse et al. 2010). One way to lower fertilizer use in farms and
gardens is to increase the assimilation of nitrogen and the concentration of nitrogen in the soil
using symbiotic organisms such as fungus and bacteria. The results shown may suggest that a
possible reason chemical fertilizers are known to kill beneficial soil microbes and fungi is
because they bypass the natural system requirements for the correct source of nitrogen. For
example, possible ammonium based sources should be more widely used in fertilizer than nitrate
sources of nitrogen. Therefore, in the future, research should be done to develop more efficient
fertilizers in order to maximize the nutrient benefits for beneficial fungi and soil microbes of
crops; consequently, increasing soil health.
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In this research we demonstrated that the mycorrhizal fungus, L. bicolor can assimilate
3x the nitrate compared to the plant-only environment. Additionally, evidence was gathered that
supports the concept that plants prefer ammonium as an energetically easier source of nitrogen.
These relationships could potentially improve nitrogen concentration in the soil and the growth
and productivity of plants with less use of fertilizers. The soil and water nitrogen pollution would
also decrease significantly if this beneficial relationship between the plants and mycorrhizal
fungus is used commercially instead of or in well-managed combination with fertilizers.
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Chapter 5
Conclusion
In natural, healthy soil systems, a plant’s rhizosphere holds interactions between different
animals such as: insects, micro-arthropods, nematodes, protozoans, fungi, and bacteria. These
interactions whether mutualistic or parasitic are extremely complicated; therefore, any studies
involving the rhizosphere in the beginning need to be simplified to a few organisms. This study
involved P. tremuloides, L. bicolor, and P. fluorescens and the results suggest Laccaria bicolor
has the ability to assimilate nitrate for the plant rhizosphere.
The limited nitrogen environment impacted both plant growth and plant/microbe
interactions. Due to the nitrogen concentration not being the same in the limited nitrogen and
normal nitrogen environment, the hypothesis was disproven. However, future studies need to
take into account that L. bicolor still assimilated 300% more nitrogen close to the root in the low
nitrogen environment as in the low nitrogen system with only the plant. This shows that use of
fungi for nutrient assimilation in plant crops has potential. For example, encouraging symbiotic
fungal growth in crops, possibly could assimilate more nitrate for the plant; specifically in times
of stress such as drought, when there is a lack of nutrients in the soil, or when being attacked by
insects. Consequently, it is suggested that the hypothesis be revised to include the above
information in relation to stress conditions with L. bicolor.
The nutrients observed in this study, nitrate and ammonium, are necessary nutrients for
plant growth and constantly need to be added back into the soil for plant consumption in present
day agriculture. However, nitrogen is not the only necessary nutrient for plant health. Although
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fertilizers today add nitrogen, phosphorous, and potassium back into the soil, there are still a
minimum of 17 essential nutrients that are needed to obtain a nutrient rich plant. Modern
agriculture does not add all of these nutrients back to the soil. Consequently, crops that may look
healthy actually do not have all of the necessary nutrients that would benefit society when eating
them. In nature, nutrients are cycled and added back into the soil from bacteria, fungus, and bugs
when they die or as they decompose matter. Pesticides destroy this natural nutrient cycle;
therefore, fertilizers are necessary. Fertilizers have their own set of downsides on the
environment; however, they are necessary in modern agriculture. For example the extreme use of
fertilizer to better plant production has begun to pollute the environment surrounding farmland,
particularly water sources.
The data shown in this research suggests that fertilizer can be tweaked to add the most
beneficial amount and type of nutrients to the soil and/or symbiotic interactions between fungi,
bacteria, and plant could potentially decrease the amount of fertilizers used per growing season.
Future studies in nutrient acquisition from mycorrhiza relationships are suggested according to
these beginning experiments on nitrogen concentrations. Possibly, this information could be used
to encourage plant growth with minimal fertilizer use from agriculture; therefore, minimizing
pollution.
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Appendix
Type of Slide

Condition

Normal N Polyethylene

Plant

Plant + Fungus

Plant + Bacteria

All

Limited N Polyethylene

Plant

Plant + Fungus

Plant + Bacteria

All

Normal N Low-emission

Plant
Plant + Fungus
Plant + Bacteria
All

Limited N Low-emission

Plant
Plant + Fungus
Plant + Bacteria

!

All

Plant Tag #
12
13
14
15
16
23
24
25
26
27
17
18
19
20
21
28
29
30
31
32
45
46
47
48
55
56
57
58
59
49
50
52
53
54
60
61
62
63
64
20
17
12
19
5
1
2
3
4
36
39
32
26
35
33
29
6
30

Root Branch #

Primary Root Length (mm) Leaf # Leaf Size (mm) Leaf Color (1-4) Stem Length (mm)
2
5
3
3
2
2
1
2
3
dead
8
1
1
5
6
2
3
1
2
dead
1
1
dead
3
3
6
15
5
2
dead
7
6
6
2
2
2
4
dead
4
6
2
6
4
10
1
2
3
1
1
1
3
6
1
1
13
14
12

21
34
7
50
7
16
14
3
11
dead
8
7
11
19
19
5
5
7
5
dead
21
22
dead
11
9
20
83
45
10
dead
10
24
13
5
8
9
13
dead
13
61.55
71.15
55.48
75.03
67.70
26.66
47.14
31.35
66.42
2.23
5.55
4.06
5.75
4.54
6.99
7.73
6.37
5.22
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11
10
8
8
9
11
5
7
11
dead
7
7
6
10
9
10
10
4
7
dead
11
9
dead
8
8
9
11
13
4
dead
7
5
8
4
4
5
6
dead
7
6
7
8
9
9
5
9
4
9
6
6
10
12
4
7
8
8
10

5
5
10
11
4
6
3
7
9
dead
7
3
5
8
6
6
4
3
5
dead
5
4
dead
6
7
4
10
8
3
dead
4
10
8
3
3
5
3
dead
4
16.15
8.62
13.27
10.44
18.99
6.29
11.27
6.21
9.26
6.26
7.19
8.92
12.38
6.17
8.45
14.63
12.85
16.15

3
3
4
4
1
4
4
4
4
dead
4
2
4
4
4
4
3
4
2
dead
4
3
dead
3
3
2
4
4
1
dead
3
1
3
1
2
2
2
dead
3
2
2
4
3
4
2
4
3
1
2
2
3
4
3
3
4
3
3

Whole Plant Length (mm)
22.09
36.52
19.31
21.87
15.28
24.02
22.10
11.13
33.73
dead
29.71
13.80
16.15
30.05
24.39
22.66
15.49
6.87
9.11
dead
17.86
0.98
dead
14.95
29.46
25.12
13.30
29.27
4.77
dead
16.69
11.25
23.21
10.35
10.31
13.90
14.87
dead
15.33
26.85
10.07
24.22
20.89
41.38
15.97
38.19
7.81
14.15
27.49
28.61
15.47
21.00
23.69
22.41
27.01
34.31
45.91

43.09
70.52
26.31
71.87
22.28
40.02
36.10
14.13
44.73
7.00
37.71
20.80
27.15
49.05
43.39
27.66
20.49
13.87
14.11
5.88
38.86
22.98
23.86
25.95
38.46
45.12
96.30
74.27
14.77
10.85
26.69
35.25
36.21
15.35
18.31
22.90
27.87
10.38
28.33
88.40
81.23
79.70
95.93
109.08
42.63
85.33
39.15
80.56
29.72
34.16
19.53
26.76
28.23
29.40
34.74
40.68
51.13
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